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Introduction {#sec1}
============

Stem cell therapies for CNS injury have raised a lot of hope among patients, doctors, and scientists in recent years. Although we are still in the early stages of developing successful approaches in humans, numerous preclinical animal studies support the therapeutic ability of stem cells ([@bib29], [@bib37], [@bib44]). Despite these observations, the dual role of the neuroinflammatory response following CNS injury makes stem cell-supported regeneration difficult due to the presence of inhibitory immune factors that are upregulated in and around the lesion site. Therefore, modulating the inflammatory milieu by upregulating anti-inflammatory cytokines may be crucial when designing therapies for CNS repair ([@bib15]). With this in mind, using mesenchymal stem cells (MSCs) as an immune-modulating cellular therapy may exert positive effects in rodent models of spinal cord injury (SCI) ([@bib1], [@bib32]). Here, we test the hypothesis that using MSCs as carriers for the delivery of the canonical anti-inflammatory cytokine interleukin-13 (IL-13) may further enhance their therapeutic potential.

Despite much debate regarding the detrimental effects of CNS inflammation, many studies have also outlined its significance in tissue repair, including a therapeutic potential of microglia/macrophages in promoting axonal regeneration ([@bib22], [@bib40]). Almost all tissues contain several types of phagocytic cell populations, consisting of macrophages and/or microglia, which have specialized functions and distinct phenotypic properties ([@bib6], [@bib39]). A rather simplistic but pragmatic way to distinguish the varying microglia/macrophage subsets is to divide them into classically (M1) or alternatively activated (M2) phenotypes ([@bib5], [@bib20]). M2 microglia/macrophages differentiate from the classically activated M1 microglia/macrophages and are less inflammatory in nature. They are characterized by a reduced nitric oxide production and less secretion of proinflammatory cytokines ([@bib7]). They also express markers such as arginase-1 (ARG-1) and *Found in inflammatory zone 1* (FIZZ1), which differentiate them from classically activated M1 microglia/macrophages ([@bib10]). However, a more specific characterization indicates that upregulation of major histocompatibility complex II (MHC-II) (in both M1 and M2 cell subsets) is associated with macrophage activation. It is currently suggested that the joint expression of MHC-II and ARG-1/FIZZ1 is indicative of a neuroprotective and anti-inflammatory, M2a phenotype ([@bib28]); however, the exact mode of action of this polarized cell type has not yet been unraveled. Nevertheless, reducing the proinflammatory M1 phenotype upon CNS injury in favor of the beneficial M2a phenotype is of particular therapeutic interest.

This polarizing approach toward an M2a phenotype may be of great therapeutic value, particularly following SCI. After injury, infiltration of axon-attacking macrophages greatly contributes to axonal retraction and the deleterious phenomenon known as axonal dieback ([@bib8], [@bib25]). This leads to exacerbation of damage and increased functional deficits. Therefore, in this study we aimed to target these macrophages and drive them toward a less destructive phenotype to limit axonal dieback and improve functional recovery. To do this, we chose to use the immunomodulatory cytokine, IL-13, which is a well-known inducer of the M2a microglia/macrophage phenotype ([@bib13], [@bib17]). IL-13 has also been shown to exert neuroprotective effects in the experimental autoimmune encephalomyelitis model of multiple sclerosis, by decreasing inflammatory cell infiltration and axonal loss as well as reducing clinical symptoms ([@bib9], [@bib34], [@bib35]). We recently demonstrated that after SCI in mice, IL-13 levels decrease significantly in the spinal cord within hours after injury ([@bib33]). Therefore, given the drop in IL-13 levels after injury and its polarizing capabilities toward a more neuroprotective M2 macrophage phenotype, it is plausible that application of IL-13 in the acute phase after SCI may have therapeutic potential.

To efficiently deliver IL-13 to the injured spinal cord, we used autologous MSCs genetically engineered to secrete IL-13. We hypothesized that this enhanced cellular therapy is capable of modulating the microglia/macrophage response and improving functional recovery after SCI. To support our hypothesis, we investigated the effects of grafting control MSCs and those expressing IL-13 (MSC/IL-13) in a mouse model of SCI. We show that transplantation of MSCs which continuously secrete IL-13 significantly improves functional recovery and decreases both lesion size and demyelinated area after SCI. Finally, we propose a mode of action in which delivery of IL-13 from MSC grafts to the injured spinal cord polarizes macrophages to a neuroprotective M2a phenotype, subsequently reducing the number of axon-attacking macrophages and improving functional outcome.

Results {#sec2}
=======

Transplantation of MSC/IL-13 Improves Functional Recovery and Reduces Lesion Size and Demyelinated Area {#sec2.1}
-------------------------------------------------------------------------------------------------------

In the first part of this study, we investigated whether MSCs genetically engineered to express IL-13 could improve functional recovery following SCI in BALB/c and C57BL/6 mice. Mice were treated with either vehicle (NaCl), control MSCs (MSC), or IL-13-secreting MSCs (MSC/IL-13) immediately after SCI and functional recovery was measured 4 weeks post injury using the Basso Mouse Scale (BMS). In BALB/c mice, both MSC- and MSC/IL-13-treated animals displayed a significantly improved functional recovery compared with NaCl controls ([Figure 1](#fig1){ref-type="fig"}A). Lesion size quantification revealed a significant decrease in mice receiving transplantation of MSC/IL-13 compared with control MSCs and NaCl ([Figure 1](#fig1){ref-type="fig"}B). Similarly, demyelinated area was significantly decreased in MSC/IL-13-treated mice compared with control MSC and NaCl ([Figure 1](#fig1){ref-type="fig"}C). In contrast to BALB/c mice, treatment with MSC/IL-13 in C57BL/6 mice significantly improved functional recovery compared with control MSCs or NaCl ([Figure 1](#fig1){ref-type="fig"}D). Additionally there was a corresponding significant decrease in both lesion size ([Figure 1](#fig1){ref-type="fig"}E) and demyelinated area ([Figure 1](#fig1){ref-type="fig"}F) in MSC/IL-13 compared with control MSCs or NaCl. In both mouse backgrounds, immunofluorescence stainings for glial fibrillary acidic protein (GFAP) ([Figures 1](#fig1){ref-type="fig"}G--1I) and myelin basic protein (MBP) ([Figures 1](#fig1){ref-type="fig"}J--1L) were used to analyze lesion size and demyelinated area, respectively. Taken together, these data demonstrate that on a functional level, BALB/c mice can benefit from both MSC and MSC/IL-13 grafts, while C57BL/6 mice require MSC/IL-13 grafts for improved outcome. However, on the histopathological level, both BALB/c and C57BL/6 mice benefit from MSC/IL-13 grafts to reduce lesion size and demyelination.

MSC/IL-13 Transplantation Has No Significant Effect on the Presence of Microglia/Macrophages at the Lesion Site in Both BALB/c and C57BL/6 Mice, but Leads to a Significant Reduction in Astrogliosis in C57BL/6 Mice {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In a first attempt to understand why MSC/IL-13, but not MSC grafts, reduce lesion size and demyelination, we investigated the degree of microglia/macrophage ([Figures 2](#fig2){ref-type="fig"}A and 2I) and astroglial ([Figures 2](#fig2){ref-type="fig"}B and 2J) responses in both BALB/c and C57BL/6 mice at 4 weeks post injury. For analysis, quantification of IBA-1 ([Figures 2](#fig2){ref-type="fig"}C--2E and 2K--2M) and GFAP ([Figures 2](#fig2){ref-type="fig"}F--2H and 2N--2P) intensity was performed 600 μm caudal and 600 μm rostral from the lesion site, in squares measuring 100 × 100 μm in BALB/c and C57BL/6 mice, respectively. There was no significant difference observed in the presence of microglia/macrophages in mice treated with MSC or MSC/IL-13 compared with NaCl controls in both BALB/c and C57BL/6 mouse backgrounds ([Figures 2](#fig2){ref-type="fig"}A and 2I, respectively). In addition, there was no significant difference in astrogliosis in MSC- or MSC/IL-13-treated mice compared with NaCl controls in BALB/c mice ([Figure 2](#fig2){ref-type="fig"}B). However, there was a significant reduction in astrogliosis in C57BL/6 mice treated with MSC/IL-13 when compared with MSC on NaCl controls ([Figure 2](#fig2){ref-type="fig"}J).

Transplantation of MSC/IL-13 Increases the Number of Neuroprotective, Alternatively Activated Macrophages at the Graft Site and Increases the Number of CD4^+^ T Cells throughout the Spinal Cord {#sec2.3}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To further investigate the effects of MSC/IL-13 grafting, we characterized the classically activated and alternatively activated microglia/macrophage phenotypes at the level of the graft site ([Figure 3](#fig3){ref-type="fig"}A-ii) by performing an intensity analysis for MHC-II and ARG-1, respectively. While there was no difference in MHC-II intensity between the MSC and MSC/IL-13 graft ([Figures 3](#fig3){ref-type="fig"}B, 3D, and 3F), there was a significant increase in ARG-1 intensity within the MSC/IL-13 graft region compared with that of the MSC graft ([Figures 3](#fig3){ref-type="fig"}G, 3I, and 3K). The graft site regions of interest (ROIs) analyzed using MHC-II and ARG-1 intensity analysis are shown in [Figures 3](#fig3){ref-type="fig"}C and 3E (white box) and [Figures 3](#fig3){ref-type="fig"}H and 3J, respectively. The ROIs in [Figures 3](#fig3){ref-type="fig"}C and 3E are shown at a higher magnification in [Figures 3](#fig3){ref-type="fig"}D and 3F, and the ROIs in [Figures 3](#fig3){ref-type="fig"}H and 3J are shown in [Figures 3](#fig3){ref-type="fig"}I and 3K. These data strongly suggest that the secretion of IL-13 from MSC grafts significantly increases the presence of an alternatively activated microglia/macrophage phenotype at the graft site. Quantification of CD4^+^ T cells throughout the spinal cord revealed a significant increase in the number of CD4^+^ T cells in MSC/IL-13-treated mice compared with MSC- and NaCl-treated controls in both BALB/c ([Figures 3](#fig3){ref-type="fig"}L--3O) and C57BL/6 [Figures 3](#fig3){ref-type="fig"}P--3S) mouse backgrounds.

Transplantation of MSC/IL-13 Increases the Number of Neuroprotective, Alternatively Activated Macrophages and Decreases the Number of Microglia at the Graft Site {#sec2.4}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

The data provided above demonstrate that MSC/IL-13 grafts significantly increase the presence of alternatively activated microglia/macrophage phenotypes at the level of the graft site. However, to investigate which of the two cell types (microglia or macrophages) was responsible for the increase in ARG-1 expression, we took advantage of the C57BL/6 CX~3~CR1^EGFP/+^ CCR2^RFP/+^ mouse model. This model allows us to distinguish between EGFP^+^RFP^−^ microglia (green) as well as EGFP^−^RFP^+^ macrophages (red) and EGFP^+^RFP^+^ macrophages (yellow) as outlined in [Experimental Procedures](#sec4){ref-type="sec"}. Following SCI, we grafted MSC or MSC/IL-13 and investigated the graft immune response by performing immunofluorescence staining for MHC-II and ARG-1. We then calculated the cell density of microglia and macrophages at the graft site. Although there was no significant difference observed in the total microglia/macrophage cell density when comparing MSC and MSC/IL-13 grafts ([Figure 4](#fig4){ref-type="fig"}A), there was a clear difference in the origin and phenotype of infiltrating immune cells in MSC/IL-13 grafts compared with those in MSC grafts. Further quantification revealed a significant increase in the number of EGFP^−^RFP^+^ macrophages and a significant decrease in the number of EGFP^+^RFP^−^ microglia in MSC/IL-13-treated compared with control MSCs. There was no significant difference in the number of EGFP^+^RFP^+^ graft-infiltrating macrophages between MSC and MSC/IL-13 grafts ([Figures 4](#fig4){ref-type="fig"}B and 4C--4H). Based on these cell-density calculations, the proportion of MHC-II^+^- or ARG-1^+^-expressing cells within the EGFP^−^RFP^+^ and EGFP^+^RFP^+^ macrophage population, as well as within the EGFP^+^RFP^−^ microglia population, was calculated as outlined in [Experimental Procedures](#sec4){ref-type="sec"} ([Figures 4](#fig4){ref-type="fig"}I and 4P, respectively). For MHC-II expression ([Figures 4](#fig4){ref-type="fig"}I--4M), there was a significant increase in the number of MHC-II^−^ and MHC-II^+^ EGFP^−^RFP^+^ macrophages at the graft site in MSC/IL-13-treated mice compared with control MSCs. The proportion of MHC-II^−^ and MHC-II^+^ EGFP^+^RFP^+^ macrophages at the graft site was unaltered between MSC and MSC/IL-13 grafts. In contrast, we noted a significant reduction in MHC-II^−^ EGFP^+^RFP^−^ microglia at the MSC/IL-13 graft site compared with the MSC graft, while the low number of MHC-II^+^ EGFP^+^RFP^−^ microglia remained unaltered. This relative distribution of MHC-II expression within microglia and macrophage populations in MSC and MSC/IL-13 grafts is also represented in the corresponding pie charts ([Figures 4](#fig4){ref-type="fig"}N and 4O). When comparing ARG-1 expression between MSC and MSC/IL-13 grafts ([Figures 4](#fig4){ref-type="fig"}P--4T), there was a significant increase in the ARG-1^+^ EGFP^−^RFP^+^ and EGFP^+^RFP^+^ macrophage populations, as well as the EGFP^+^RFP^−^ microglia population, in the MSC/IL-13-treated mice. Subsequently, there was a significant decrease in the ARG-1^−^ EGFP^+^RFP^+^ macrophage population and ARG-1^−^ EGFP^+^RFP^−^ microglia population, while the low amount of ARG-1^−^ EGFP^−^RFP^+^ macrophages remained unchanged. The distribution of ARG-1 expression within microglia and macrophage populations in MSC and MSC/IL-13 grafts is also represented in the corresponding pie charts ([Figures 4](#fig4){ref-type="fig"}U and 4V). In summary, these results indicate that the number of macrophages is significantly higher and the number of microglia is significantly lower at the MSC/IL-13 graft site compared with control MSC grafts. Of the total macrophage populations present in MSC/IL-13 grafts, 30% express MHC-II ([Figure 4](#fig4){ref-type="fig"}O) while 53% express ARG-1 ([Figure 4](#fig4){ref-type="fig"}V, purple and white segments). Of the microglia present in MSC/IL-13 grafts, 5% express MHC-II ([Figure 4](#fig4){ref-type="fig"}O) while 15% express ARG-1 ([Figure 4](#fig4){ref-type="fig"}V, gray segments). Taken together, we demonstrate that there is a 10% increase in the number of MHC-II^+^ immune cells and a 50% increase in the number of ARG-1^+^ immune cells at the MSC/IL-13 graft site compared with control MSC grafts. These results indicate that the secretion of IL-13 from MSC grafts induces a broad spectrum of alternatively activated infiltrating macrophages at the graft site.

Transplantation of MSC/IL-13 Increases the Number of Infiltrating Neuroprotective, Alternatively Activated Macrophages and Decreases the Number of Microglia at the Lesion Site {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Although analysis on the effects of IL-13 at the MSC graft site showed an increase in the number of neuroprotective, alternatively activated macrophages present, we hypothesized that a shift in the microglia/macrophage response at the spinal cord lesion site may also be possible, given the strong clinical benefit observed in MSC/IL-13-treated mice. Therefore, we also investigated the parameters described above at the lesion site in CX~3~CR1^EGFP/+^ CCR2^RFP/+^ mice receiving MSC or MSC/IL-13 following SCI. Cell-density quantification at the lesion site revealed a significant increase in the total number of microglia/macrophages in mice treated with MSC/IL-13 compared with control MSCs ([Figure 5](#fig5){ref-type="fig"}A). More specifically, there was a significant increase in the number of EGFP^−^/RFP^+^ macrophages (red) and EGFP^+^/RFP^+^ macrophages (yellow), while the number of EGFP^+^/RFP^−^ microglia (green) was significantly decreased, in MSC/IL-13-treated compared with control MSC-treated mice ([Figures 5](#fig5){ref-type="fig"}B and 5C--5H). Similarly to the method described above at the graft site, we also calculated the proportion of MHC-II^+^- or ARG-1^+^-expressing microglia and macrophages at the lesion site. For MHC-II expression ([Figures 5](#fig5){ref-type="fig"}I--5M), there was a significant increase in the numbers of MHC-II^−^ and MHC-II^+^ EGFP^−^RFP^+^ macrophages at the lesion site in MSC/IL-13-treated mice compared with control MSCs. The proportion of MHC-II^−^ EGFP^+^RFP^+^ macrophages at the lesion site was unaltered between MSC and MSC/IL-13 grafts, while the number of MHC-II^+^ EGFP^+^RFP^+^ macrophages at the lesion site was significantly increased following MSC/IL-13 grafting. In contrast, we noted a significant reduction compared with control MSCs in MHC-II^−^ EGFP^+^RFP^−^ microglia at the lesion site following MSC/IL-13 grafting, while the number of MHC-II^+^ EGFP^+^RFP^−^ microglia remained unchanged. This relative distribution of MHC-II expression within microglia and macrophage populations at the lesion site following MSC and MSC/IL-13 grafting is also represented in the corresponding pie charts ([Figures 5](#fig5){ref-type="fig"}N and 5O). When comparing ARG-1 expression at the lesion site following MSC and MSC/IL-13 grafting ([Figures 5](#fig5){ref-type="fig"}P--5T), there was a significant increase in ARG-1^+^ EGFP^−^RFP^+^ and EGFP^+^RFP^+^ macrophage populations, as well as the EGFP^+^RFP^−^ microglia population, in MSC/IL-13-treated mice. Subsequently, there was a significant decrease in the ARG-1^−^ EGFP^+^RFP^−^ microglia population, while ARG-1^−^ EGFP^−^RFP^+^ and ARG-1^−^ EGFP^+^RFP^+^ macrophage populations remained unaltered. This relative distribution of ARG-1 expression within microglia and macrophage populations at the lesion site following MSC and MSC/IL-13 grafting is also represented in the corresponding pie charts ([Figures 5](#fig5){ref-type="fig"}U and 5V). These results indicate that similarly to the graft site, the number of macrophages is significantly higher and the number of microglia is significantly lower at the lesion site following MSC/IL-13 grafting compared with control MSCs. Of the macrophage populations present at the lesion site following MSC/IL-13 grafting, 36% express MHC-II ([Figure 5](#fig5){ref-type="fig"}O) while 67% express ARG-1 ([Figure 5](#fig5){ref-type="fig"}V, purple and white segments). Of the microglia present at the lesion site following MSC/IL-13 grafting, 11% express MHC-II ([Figure 5](#fig5){ref-type="fig"}O) while 8% express ARG-1 ([Figure 5](#fig5){ref-type="fig"}V, gray segments). This demonstrates that there is a 24% increase in the number of MHC-II^+^ immune cells and a 60% increase in the number of ARG-1^+^ immune cells at the lesion site following MSC/IL-13 grafting compared with control MSCs. Taken together, these results indicate that the secretion of IL-13 from MSC grafts (and/or the presence of alternatively activated microglia/macrophages at the MSC/IL-13 graft site) leads to an increased infiltration of peripheral macrophages visible at the lesion site. These macrophages in turn appear to undergo alternative activation, thereby providing neuroprotection and improved therapeutic outcome following SCI.

Transplantation of MSC/IL-13 Decreases the Number of Macrophage-Axon Interactions {#sec2.6}
---------------------------------------------------------------------------------

Finally, we investigated how the presence of alternatively activated microglia and macrophages at the lesion site following MSC/IL-13 grafting may have influenced the corresponding SCI pathology in both BALB/c ([Figure 6](#fig6){ref-type="fig"}A) and C57BL/6 ([Figure 6](#fig6){ref-type="fig"}H) mice. For this, we quantified the number of microglia/macrophage-axon interactions using IBA-1 and neurofilament staining. In both mouse backgrounds, we analyzed two areas rostral and caudal from the lesion epicenter ([Figures 6](#fig6){ref-type="fig"}B--6D and 6I--6K, white boxes) and counted the number of microglia/macrophage-axon contacts ([Figures 6](#fig6){ref-type="fig"}E--6G and 6L--6N). In BALB/c mice, we observed a significant decrease in the number of microglia/macrophage-axon contacts in both MSC-treated ([Figure 6](#fig6){ref-type="fig"}F) and MSC/IL-13-treated ([Figure 6](#fig6){ref-type="fig"}G) mice compared with NaCl control mice ([Figure 6](#fig6){ref-type="fig"}E). In C57BL/6 mice, we observed a significant decrease in the number of microglia/macrophage-axon contacts in MSC/IL-13-treated mice ([Figure 6](#fig6){ref-type="fig"}N) compared with MSC-treated ([Figure 6](#fig6){ref-type="fig"}M) and NaCl control mice ([Figure 6](#fig6){ref-type="fig"}L). These results indicate that both MSC and MSC/IL-13 (in a BALB/c background) and MSC/IL-13 (in a C57BL/6 background), may be driving activated macrophages located at the lesion site to a more alternatively activated, neuroprotective phenotype. This in turn leads to a reduction in the number of destructive macrophage-axon contacts.

Discussion {#sec3}
==========

The goal of this study was to compare the potentially beneficial properties and unravel key immune response changes following engraftment of control MSCs or MSCs overexpressing IL-13 in a well-established mouse SCI model. Although treatment with MSCs has been previously shown to exert positive effects in rodent models of SCI ([@bib1], [@bib32]), their prolonged therapeutic effects and success in human clinical trials have been limited ([@bib36], [@bib38]). Genetic modification of MSCs, for example by overexpression of neurotrophic or growth factors, can further enhance their well-known beneficial effects and improve therapeutic outcome following CNS trauma (reviewed in [@bib11]). In this study, we show that transplanted MSCs, which continuously secrete IL-13, significantly improve histopathological and functional recovery compared with NaCl controls following SCI in BALB/c and C57BL/6 mice. The correlation between histopathological (i.e., decreased lesion size, demyelinated area, and astrogliosis) and functional recovery was highly evident in C57BL/6 mice following grafting of IL-13-producing MSCs. Interestingly, in BALB/c mice, IL-13 contributed to histopathological recovery (decreased lesion size and demyelinated area), but did not further promote an additional functional improvement induced by control MSCs. This variation may be attributed to the well-recognized immunological phenomenon that BALB/c mice are more T helper 2 (Th2) oriented while C57BL/6 are more Th1 oriented ([@bib30], [@bib42]). In addition, it has been reported that BALB/c mice display a higher recovery following SCI compared with C57BL/6 mice as measured using the BMS ([@bib2]). This may explain the 1-point difference in the final BMS score between BALB/c and C57BL/6 mice (score of ∼4 versus ∼3, respectively). Furthermore, these data suggest that treatment with IL-13 may be unable to further enhance what is already a rather Th2-primed microenvironment ([@bib22]) resulting in a ceiling effect in BALB/c mice.

It has been well described that IL-13 is capable of polarizing microglia and macrophages toward an alternatively activated M2a phenotype ([@bib24], [@bib45]). Therefore, we first investigated whether transplantation of MSCs secreting IL-13 could influence the microglia/macrophage phenotype in vivo within the MSC graft site. Our data confirm that MSC graft-associated microglia/macrophages can be efficiently driven toward an ARG-1-expressing state of alternative activation in vivo, in both BALB/c and C57BL/6 mice. Given the detrimental effect on microglia/macrophage cell number following treatment with MSC or MSC/IL-13, we consider cell phenotype (classically or alternatively activated) to be the most critical factor of interest when determining effects on functional outcome. Further discrimination between MSC-associated microglia and macrophages following grafting of IL-13-producing MSCs in CX~3~CR1^EGFP/+^ CCR2^RFP/+^ C57BL/6 mice revealed that the majority of ARG-1-expressing cells are of peripheral monocyte/macrophage origin. The peripheral origin of ARG-1-expressing cells is, however, not surprising as control MSC grafts already attract, in addition to microglia, high numbers of peripheral monocytes/macrophages. Subsequently, IL-13 is able to further modulate the MSC graft site by increasing the number of ARG-1-expressing macrophages and microglia and decreasing the overall number of microglia. Although subject to debate and further investigation, we may argue that ARG-1-expressing microglia and macrophages are induced in situ upon contact with IL-13-secreting MSCs, rather than being specifically attracted.

T cell analysis within the spinal cord showed a significantly increased number of CD4^+^ T cells in animals treated with MSC/IL-13. The specific subtype of the T cells is unclear, and previous studies from our group revealed that specific T cell immunophenotyping after CNS injury can be challenging and prone to artifacts, due to the low number of T cells present in the CNS ([@bib23]). The high number of T cells in MSC/IL-13-treated mice may be due to the restriction of T cell chemotaxis by IL-13 ([@bib43]), thereby leading to an accumulation of T cells within an area where they are highly activated. Since transplantation of MSC/IL-13 exerts beneficial effects on the injured spinal cord, it is tempting to speculate that the attracted T cells are also those with beneficial properties ([@bib22]).

As the introduction of alternatively activated microglia and macrophages is established by the presence of IL-13 at the graft site, we hypothesized that a phenotypic shift in the microglia/macrophage response may also be possible at the site of the spinal cord lesion. Similarly to our observations at the MSC/IL-13 graft site, we observed an increase in ARG-1-expressing macrophages and microglia and an overall decrease in microglia at the lesion site in mice receiving MSC/IL-13 grafts. An interesting question consequently arises as to how ARG-1-expressing microglia/macrophages are induced at the lesion site. We can speculate that the induction of alternatively activated microglia/macrophages at the lesion site may be due to passive diffusion of IL-13 from the MSC/IL-13 graft site. Upon contact with lesion-associated microglia or infiltrating macrophages, this may in turn result in a shift toward a more neuroprotective cell phenotype. Although this hypothesis seems highly plausible, one cannot exclude the possibility that other factors (aside from IL-13), may be secreted from the MSC graft or alternatively activated microglia/macrophages at the MSC/IL-13 graft site. These derived factors, either alone or in combination, may also influence the phenotypic properties of lesion-associated microglia/macrophages. Furthermore, as discussed above, specific recruitment of alternatively activated monocytes/macrophages directly from peripheral blood may not be evident, although their recruitment via the MSC/IL-13 graft site cannot be excluded. An important observation to be taken into consideration for future experiments is the presence of the double-positive CX~3~CR1^EGFP/+^ CCR2^RFP/+^ cell population. We, as well as others, hypothesize that these double-positive cells are blood-derived macrophages given the known limitation that CCR2^RFP/+^ monocytes can downregulate their reporter over time and show phenotypic evolution ([@bib48]). It has also been shown that resident microglia consist primarily of CX~3~CR1^EGFP/+^ cells, while blood-derived macrophages are made up of both CX~3~CR1^EGFP/+^ and CCR2^RFP/+^ macrophage populations ([@bib18]). In this study, we therefore consider these double-positive cells to be part of the macrophage population. The arrival of promising microglia-specific markers ([@bib3], [@bib21]) may be useful in future studies to clarify whether the double-positive cells are primarily infiltrating macrophages. It is clear that evaluation of the inflammatory infiltrate is complex, and variation occurs not only in the type of disease/trauma model but also in the time point under investigation.

Although the variation in immunological background between BALB/c and C57BL/6 is a well-known phenomenon ([@bib30], [@bib42]), we have not observed any immunological differences in our transplantation systems in either mouse strain. As shown in this study, transplantation of MSC/IL-13 leads to a significant increase in Arg1^+^ cells at the graft sites in both BALB/c and C57BL/6 mice ([Figures 3](#fig3){ref-type="fig"}G and [4](#fig4){ref-type="fig"}P, respectively). Additionally our group has performed an in-depth analysis of graft-site remodeling upon MSC transplantation in the CNS of BALB/c, FBV, or C57BL/6 mouse backgrounds ([@bib12], [@bib24], [@bib26]). Upon MSC transplantation in all of the above mouse strains, cells undergo hypoxic stress within the first 24 hr and the core of the graft becomes apoptotic and necrotic. This is followed by early infiltration of neutrophils on day 1. From days 3 to 7, the graft becomes infiltrated by macrophages and surrounded by microglia. At this point astrocytes begin forming a barrier, which encapsulates the graft ([@bib27]). Based on these studies and our current results, we conclude that there is no obvious difference in the graft-site response between BALB/c and C57BL/6 mice.

Finally, we suggest a potential mode of action for the observed neuroprotective effects following grafting of IL-13-producing MSCs. Based on our data, and in agreement with current literature, we can put forward two mechanistic explanations. Firstly, it has been shown that a reduction in CX~3~CR1 signaling on microglia/macrophages reduces their proinflammatory nature and leads to improved outcome following SCI ([@bib14]). Therefore, the decrease in EGFP^+^RFP^−^ microglia, which we observed at the lesion site following grafting of MSC/IL-13, may correlate with the improved functional outcome shown in MSC/IL-13-treated mice following SCI. The way in which IL-13 actually reduces the number of microglia in this model remains speculative; however, it may be explained by a previously described ability of IL-13 to directly induce apoptosis in activated microglia ([@bib49]). Secondly, it has recently been demonstrated that CNS axons undergo lengthy retraction from the site of damage following SCI and that activated macrophages play a direct role in this retraction via destructive physical interactions with the injured axons ([@bib8], [@bib18], [@bib25]). Therefore, the observed conversion of lesion-infiltrating macrophages into an ARG-1-expressing alternatively activated phenotype upon MSC/IL-13 grafting may have rendered these cells less neurodestructive. The latter suggests a correlation with the significant decrease in macrophage-axon contacts observed at the lesion site in BALB/c mice following treatment with MSC or MSC/IL-13 and in C57BL/6 mice following treatment with MSC/IL-13. It is tempting to speculate that a corresponding reduction in axonal dieback may lead to the significantly improved histopathological and functional outcome observed following SCI. We hypothesize that an increase in alternatively activated macrophages and microglia may promote wound healing, regeneration, and functional recovery via the secretion of proregenerative factors such as IL-10, insulin-like growth factor-1, and vascular endothelial growth factor A ([@bib41]). Taken together, these data provide evidence that MSCs can be successfully used as carriers for the local delivery of a beneficial cytokine such as IL-13 and lead to improved functional and histopathological recovery in a mouse model of SCI ([Figure 7](#fig7){ref-type="fig"}).

Experimental Procedures {#sec4}
=======================

Animals {#sec4.1}
-------

Wild-type (WT) BALB/c OlaHsd (strain code 162) and WT C57BL/6 mice (strain code 027) were obtained from Harlan and Charles River Laboratories, respectively. CX~3~CR1^EGFP/EGFP^ mice (strain code 005582) and CCR2^RFP/RFP^ mice (strain code 017586) were obtained from Jackson Laboratories. CX~3~CR1^EGFP/+^ CCR2^RFP/+^ mice were obtained by breeding CX~3~CR1^EGFP/EGFP^ mice with CCR2^RFP/RFP^ mice. Resulting double transgenic mice have one allele of the CX~3~CR1 gene replaced by EGFP and the other allele of the CCR2 gene replaced by RFP ([@bib31]). This results in the presence of green fluorescent microglia (EGFP^+^RFP^−^) and red fluorescent infiltrating macrophages/monocytes (EGFP^−^RFP^+^ and EGFP^+^RFP^+^). See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details. Male mice were used for all experiments, except for those carried out in CX~3~CR1^EGFP/+^ CCR2^RFP/+^ mice, where equal numbers of males and females were used. All experiments were performed using 8- to 10-week-old mice, and were approved by the local ethical committees and performed according to the guidelines described on the protection of animals used for scientific purposes at Hasselt University (EU Directives 2010/63) and University of Antwerp (2011/13 and 2012/39).

Isolation, Genetic Engineering, and Culturing of MSCs {#sec4.2}
-----------------------------------------------------

In this study we used two previously established and characterized bone marrow-derived MSC lines originally derived from BALB/c and C57BL/6 mice ([@bib24], [@bib26]). Both the parental BALB/c and C57BL/6 MSC lines, as well as derivatives thereof genetically engineered to express IL-13, were used for transplantation experiments. See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details.

Spinal Cord Hemisection Injury {#sec4.3}
------------------------------

A T-cut spinal cord hemisection injury was performed as previously described ([@bib4], [@bib16], [@bib19], [@bib33], [@bib46], [@bib47]). See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details.

Cell Transplantation {#sec4.4}
--------------------

For transplantation experiments, MSC and MSC/IL-13 cell populations were harvested via trypsin-EDTA treatment. Cells were then washed twice with NaCl, resuspended in NaCl, and kept on ice until spinal cord transplantation. The animals were divided into three groups: those receiving an injection of MSCs, MSC/IL-13, or NaCl (control). See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details. For transplantation experiments carried out in CX~3~CR1^EGFP/+^ CCR2^RFP/+^ mice, no NaCl control group used, given that the research objectives in question concerned potential differences between IL-13-secreting MSCs and control MSCs. Furthermore, 1.5 × 10^5^ cells were grafted to allow for more detailed histological quantification.

Locomotion Tests {#sec4.5}
----------------

Starting 1 day after surgery, functional recovery in SCI mice was measured for 4 weeks using the BMS ([@bib2]). See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details.

Immunofluorescence Analysis {#sec4.6}
---------------------------

Spinal cord cryosections (10 μm) were obtained from animals transcardially perfused 4 weeks post injury with Ringer solution containing heparin, followed by 4% paraformaldehyde in 0.1 M PBS, and immunofluorescence analysis was performed as previously described ([@bib4], [@bib16], [@bib19], [@bib33], [@bib46]). See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details.

Histological Quantification in WT BALB/c and WT C57BL/6 Mice {#sec4.7}
------------------------------------------------------------

For measurement of lesion size and demyelinated area, five to seven sections per animal (WT BALB/c: n = 6--8 animals per group; WT C57BL/6: n = 9--10 animals per group) containing the lesion center as well as consecutive rostral and caudal areas were analyzed, as previously described ([@bib4], [@bib16], [@bib19], [@bib33], [@bib46]). To quantify classically activated and alternatively activated microglia/macrophages at the lesion or graft site, we stained sections for MHC-II and ARG-1, respectively. Quantification of microglia/macrophage and axon interactions was performed by counting the number of contacts between neurofilament^+^ dystrophic axon bulbs and IBA-1^+^ microglia/macrophages. See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for further details.

Histological Quantification in CX~3~CR1^EGFP/+^ CCR2^RFP/+^ Mice {#sec4.8}
----------------------------------------------------------------

For quantitative phenotypic analyses of macrophage and/or microglia responses at both the lesion and graft site, five to seven sections per animal (graft: n = 6--11 animals per group; lesion: n = 9--14 animals per group) were analyzed using TissueQuest immunofluorescence analysis software 14 days post injury (TissueGnostics v3.0), as previously described ([@bib12], [@bib24], [@bib26]). For each of region of interest (graft/lesion site), an entire picture taken at 10× magnification was used for quantification and the surface area in the xy plane was determined. According to previously established procedures, the following parameters were quantified at the lesion and graft site: the cellular density of EGFP^−^RFP^+^ macrophages (CCR2^RFP/+^), EGFP^+^RFP^+^ double-positive microglia/macrophages (CX~3~CR1^EGFP/+^ CCR2^RFP/+^), as well as EGFP^+^RFP^−^ microglia (CX~3~CR1^EGFP/+^) in both MSC and MSC/IL-13-treated groups. Although the presence of a double-positive CX~3~CR1^EGFP/+^ CCR2^RFP/+^ population is prominent, we hypothesize that these cells are blood derived and of peripheral origin, given that it is a known limitation that CCR2^RFP/+^ monocytes can downregulate their reporter over time and show phenotypic evolution ([@bib48]). Based on the above cell-density calculations, the proportion of microglia or macrophages at the graft and lesion site expressing MHC-II or ARG-1 were calculated as follows: (1) EGFP^−^RFP^+^MHC-II^+^/ARG-1^+^ cells, (2) EGFP^+^RFP^+^MHC-II^+^/ARG-1^+^ cells, (3) EGFP^+^RFP^−^MHC-II^+^/ARG-1^+^ cells, (4) EGFP^−^RFP^+^MHC-II^−^/ARG-1^−^ cells, (5) EGFP^+^RFP^+^MHC-II^−^/ARG-1^−^ cells, (6) EGFP^+^RFP^−^MHC-II^−^/ARG-1^−^ cells. Put simply, we identify the number of classically or alternatively activated CCR2^RFP/+^ macrophages and CX~3~CR1^EGFP/+^ CCR2^RFP/+^ macrophages or CX~3~CR1^EGFP/+^ microglia, at both the graft and lesion site.

Statistical Analysis {#sec4.9}
--------------------

All statistical analyses were performed using Prism 5.0 software (GraphPad). The BMS locomotion tests as well as histological evaluation of astrogliosis and microglia/macrophage intensities were analyzed using two-way ANOVA for repeated measurements with Bonferroni correction for multiple comparisons. All other differences between two groups were evaluated using the nonparametric Mann-Whitney U test. Differences were considered statistically significant when p \< 0.05. Data shown represent mean values per experimental group ±SEM.
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![Transplantation of MSC/IL-13 Improves Functional Recovery and Reduces Lesion Size and Demyelinated Area in Mice Following SCI\
(A--C) BALB/c mice receiving transplantation of MSCs or MSC/IL-13 show a significantly increased BMS score following SCI (A). ^∗∗∗^p \< 0.0001, n = 16--19/group. Image analysis revealed a significant decrease in (B) lesion size and (C) demyelinated area in the MSC/IL-13-treated animals, compared with MSC and NaCl groups. ^∗∗∗^p \< 0.0001, n = 6--8/group.\
(D--L) C57BL/6 mice receiving transplantation of MSC/IL-13 show a significantly increased BMS score following SCI, compared with MSC or NaCl controls (D). ^∗^p \< 0.05, n = 12--17/group. Image analysis for GFAP and MBP staining also revealed a significant decrease in (E) lesion size and (F) demyelinated area, respectively, in MSC/IL-13-treated animals, compared with MSC and NaCl controls. Data represent mean ± SEM. ^∗∗∗^p \< 0.0001, ^∗∗^p \< 0.01, ^∗^p \< 0.05; n = 8--10/group. Representative photomicrographs are shown of BALB/c spinal cord sections including the injury epicenter of MSC (G, J), NaCl-treated MSC (H, K), and (I, L) MCS/IL-13-treated mice. Sections were stained for (G--I) GFAP and (J--L) MBP to determine the lesion size and demyelinated area as depicted by the dotted white line. Scale bars in (G) to (L) represent 500 μm.](gr1){#fig1}

![MSC/IL-13 Transplantation Has No Significant Effect on the Presence of Microglia/Macrophages at the Lesion Site in Both BALB/c and C57BL/6 Mice, but Leads to a Significant Reduction in Astrogliosis in C57BL/6 Mice\
In BALB/c mice, there was no significant difference observed in the presence of (A) microglia/macrophages or (B) astrogliosis in (C and F) NaCl-treated, (D and G) MSC-treated, or (E and H) MSC/IL-13-treated animals as measured via intensity analysis for IBA-1 and GFAP, respectively. In C57BL/6 mice, there was no significant difference observed in the presence of (I) microglia/macrophages in (K) NaCl-treated, (L) MSC-treated, or (M) MSC/IL-13-treated animals. However, quantification of GFAP in C57BL/6 mice revealed a significant decrease in (J) astrogliosis in mice treated with (P) MSC/IL-13- compared with (O) MSC- or (N) NaCl-treated mice. All analyses (C--H, K--P) were quantified within square areas of 100 × 100 μm just below the lesion site, extending 600 μm rostral to 600 μm caudal from the lesion epicenter. Data represent mean ± SEM. ^∗^p \< 0.05; n = 7--11/group.](gr2){#fig2}

![Transplantation of MSC/IL-13 Increases the Number of Neuroprotective, Alternatively Activated Macrophages at the Graft Site and Increases the Number of CD4^+^ T Cells throughout the Spinal Cord\
(A--K) To identify the lesion and graft site regions of interest (ROIs), we have included an overview of an SCI section (A) stained with GFAP + DAPI containing the (i) V-shaped lesion site and (ii) DAPI^+^ intense MSC graft site encapsulated by GFAP^+^ astrocytes. To determine the presence of (B) classically activated and (G) alternatively activated microglia/macrophages, we stained sections for (C--F) MHC-II or (H--K) ARG-1, respectively. (B) There was no significant difference in MHC-II levels between MSC and MSC/IL-13 graft regions. (G) There was a significant increase in ARG-1 levels within the MSC/IL-13 graft region compared with the MSC graft. Representative photomicrographs indicating the graft locations in (C and E) MHC-II and (H and J) ARG-1 stained sections (white boxes) within the corresponding ROIs are shown. Areas shown in (D) and (F) are higher magnifications of the ROIs shown in (C) and (E), and areas shown in (I) and (K) are higher magnifications of the ROIs shown in (H) and (J) (white boxes). Data represent mean ± SEM. ^∗∗^p \< 0.01; n = 6--8/group. Scale bars represent 500 μm (A, C, E, H, J) and 100 μm (D, F, I, K).\
(L--S) CD4 staining in spinal cord sections revealed a significant increase in the number of CD4^+^ T cells in both (L) BALB/c and (P) C57BL/6 mice treated with MSC/IL-13, compared with MSC- or NaCl-treated mice 4 weeks after SCI. Representative photomicrographs of spinal cord sections treated with (M and Q) NaCl, (N and R) MSC, or (O and S) MSC/IL-13 from BALB/c and C57BL/6 mice, respectively, are shown. White arrowheads in (M--O) and (Q--S) indicate CD4^+^ T cells. Data represent mean ± SEM. ^∗∗∗^p \< 0.0001, ^∗∗^p \< 0.01, ^∗^p \< 0.05; n = 7--11/group. Scale bars represent 50 μm (M--O, Q--S).](gr3){#fig3}

![Transplantation of MSC/IL-13 Increases the Number of Neuroprotective, Alternatively Activated Macrophages and Decreases the Number of Microglia at the Graft Site\
(A) Cell density quantification at the graft site revealed no significant differences in the total number of microglia/macrophages in MSC- or MSC/IL-13-treated mice.\
(B) Further characterization of the microglia/macrophage populations revealed a significant increase in the number of GFP^−^RFP^+^ macrophages and a significant decrease in GFP^+^RFP^−^ microglia in MSC/IL-13-treated mice compared with MSC controls.\
(C--H) DAPI^+^ cells localize the position of the graft (C and F). Representative photomicrographs of (D and G) CX~3~CR1^EGFP/+^ microglia and (E and H) CCR2^RFP/+^ macrophages are shown from MSC and MSC-IL-13-treated mice, respectively.\
(I--O) Detailed phenotypic analysis of microglia/macrophage populations expressing MHC-II (I) revealed a significant increase in the number of GFP^−^RFP^+^MHC-II^+^ and GFP^−^RFP^+^MHC-II^−^ macrophages as well as a significant decrease in GFP^+^RFP^−^MHC-II^−^ microglia in (L) MSC/IL-13-treated animals compared with (J) MSC controls. MHC-II activation is shown in the top shaded bar stacks, and ^\#\#\#^ represents significant differences in MHC-II^−^ cells and ^∗∗∗^ in MHC-II^+^ cells. A merged photomicrograph outlining the distribution of DAPI^+^/GFP^+^/RFP^+^/MHC-II^+^ cells at the graft site in (K) MSC- and (M) MSC/IL-treated animals is shown. The corresponding relative distribution of MHC-II-expressing microglia and macrophages at (N) control MSC and (O) MSC/IL-13 graft sites is shown.\
(P--V) Analysis of microglia/macrophage populations expressing ARG-1 (P) revealed a significant increase in the number of GFP^−^RFP^+^ARG-1^+^ and GFP^+^RFP^+^ARG-1^+^ macrophages, GFP^+^RFP^−^ARG-1^+^ microglia, as well as a significant decrease in the number of GFP^+^RFP^+^ARG-1^−^ macrophages and GFP^+^RFP^−^ARG-1^−^ microglia in (S) MSC/IL-13-treated animals compared with (Q) MSC controls. ARG-1 activation is shown in the top shaded bar stacks, and ^\#\#\#^ represents significant differences in ARG-1^−^ cells and ^∗∗∗^ in ARG-1^+^ cells. A merged photomicrograph outlining the distribution of DAPI^+^/GFP^+^/RFP^+^/ARG-1^+^ cells at the graft site in (R) MSC- and (T) MSC/IL-treated animals is shown. The corresponding relative distribution of ARG-1-expressing microglia and/or macrophages at (U) control MSC and (V) MSC/IL-13 graft sites is shown. Microglia and macrophages are encircled in red and green, respectively. Immunofluorescence colors: blue, DAPI; green, microglia; red, macrophages; magenta, Arg1^+^ or MHC-II^+^ microglia/macrophages.\
Data represent mean ± SEM. ^∗∗∗^p \< 0.0001, ^\#\#\#^p \< 0.0001, ^∗∗^p \< 0.01; n = 6-11/group. All scale bars represent 200 μm.](gr4){#fig4}

![Transplantation of MSC/IL-13 Increases the Number of Infiltrating Neuroprotective, Alternatively Activated Macrophages and Decreases the Number of Microglia at the Lesion Site\
(A) Cell-density quantification at the graft site revealed a significant increase in the number of microglia/macrophages present in MSC/IL-13-treated animals compared with MSC-treated animals.\
(B) Further characterization of the microglia/macrophage populations revealed a significant increase in the number of GFP^−^RFP^+^ and GFP^+^RFP^+^ macrophages as well as a significant decrease in GFP^+^RFP^−^ microglia in MSC/IL-13-treated mice compared with MSC controls.\
(C--H) DAPI^+^ cells localize the lesion site (C and F). Asterisk denotes the lesion epicenter. Representative photomicrographs of (D and G) CX~3~CR1^EGFP/+^ microglia and (E and H) CCR2^RFP/+^ macrophages at the lesion site are shown from MSC- and MSC-IL-13-treated mice, respectively.\
(I--O) Detailed phenotypic analysis of microglia/macrophage populations expressing MHC-II (I) revealed a significant increase in the number of GFP^−^RFP^+^MHC-II^+^ and GFP^−^RFP^+^MHC-II^−^ macrophages as well as a significant decrease in GFP^+^RFP^−^MHC-II^−^ microglia in (L) MSC/IL-13-treated animals compared with (J) MSC controls. MHC-II activation is shown in the top shaded bar stacks, and ^\#\#\#^ represents significant differences in MHC-II^−^ cells and ^∗∗∗^ in MHC-II^+^ cells. A merged photomicrograph outlining the distribution of DAPI^+^/GFP^+^/RFP^+^/MHC-II^+^ cells at the lesion site in (K) MSC and (M) MSC/IL-treated animals is shown. The corresponding relative distribution of MHC-II-expressing microglia and macrophages at (N) control MSC and (O) MSC/IL-13 lesion sites is shown.\
(P--V) Analysis of microglia/macrophage populations expressing ARG-1 (P) revealed a significant increase in the number of GFP^−^RFP^+^ARG-1^+^, GFP^+^RFP^+^ARG-1^+^ macrophages, and GFP^+^RFP^−^ARG-1^+^ microglia, as well as a significant decrease in the number of GFP^+^RFP^+^ARG-1^−^ macrophages and GFP^+^RFP^−^ARG-1^−^ microglia in (S) MSC/IL-13-treated animals compared with (Q) MSC controls. ARG-1 activation is shown in the top shaded bar stacks, and ^\#\#\#^ represents significant differences in ARG-1^−^ cells and ^∗∗∗^ in ARG-1^+^ cells. A merged photomicrograph outlining the distribution of DAPI^+^/GFP^+^/RFP^+^/ARG-1^+^ cells at the lesion site in (R) MSC- and (T) MSC/IL-treated animals is shown. The corresponding relative distribution of ARG-1-expressing microglia and macrophages at (U) control MSC and (V) MSC/IL-13 graft sites is shown. Microglia and macrophages are encircled in red and green, respectively. Immunofluorescence colors: blue, DAPI; green, microglia; red, macrophages; magenta, Arg1^+^ or MHC-II^+^ microglia/macrophages.\
Data represent mean ± SEM. ^∗∗∗^p \< 0.0001, ^\#\#\#^p \< 0.0001, ^∗^p \< 0.05; n = 9--14/group. All scale bars represent 200 μm.](gr5){#fig5}

![Transplantation of MSC/IL-13 Decreases the Number of Microglia/Macrophage-Axon Contacts\
(A--G) Quantification of microglia/macrophage and axon contacts in BALB/c mice following staining for IBA-1 and neurofilament, respectively (A), revealed a significant decrease in the number of contacts in both MSC- and MSC/IL-13-treated mice compared with NaCl controls. Representative photomicrographs from (B) NaCl-treated, (C) MSC-treated, and (D) MSC/IL-13-treated BALB/c mice indicate the areas (two white boxed regions) where microglia/macrophage and axon contacts were quantified rostral and caudal from the lesion epicenter. A larger magnification of the white boxes labeled (a), (b), and (c) are shown in (E), (F), and (G), respectively. The white boxed regions (i--iii) in photomicrographs (E--G) are shown at a higher magnification to indicate examples of microglia/macrophage and axon contacts (white arrows).\
(H--N) Quantification of microglia/macrophage and axon contacts in C57BL/6 mice revealed a significant decrease in the number of contacts in MSC/IL-13-treated C57BL/6 mice compared with MSC and NaCl controls (H). Representative photomicrographs of the areas quantified (two white boxed regions) are shown from (I) NaCl-treated, (J) MSC-treated, and (K) MSC/IL-13-treated mice. A larger magnification of the white boxes labeled (a), (b), and (c) are shown in (L), (M), and (N), respectively. The white boxed regions (i--iv) in photomicrographs (L--M) are shown at a higher magnification to indicate examples of microglia/macrophage and axon contacts (white arrows). Scale bars represent 200 μm (B--D, I--K) and 50 μm (E--G, L--N). Data represent mean ± SEM. ^∗∗^p \< 0.01, ^∗^p \< 0.05; n = 4--10/group.](gr6){#fig6}

![Schematic Representation of the Lesion and Graft Site in MSC Compared with MSC/IL-13-Treated Mice Following SCI\
In MSC-treated mice, the lesion and graft site contain classically activated macrophages as well as a low number of alternatively activated macrophages and microglia. Both regions are encapsulated by GFAP^+^ astrocytes. The lesion area consists of resident microglia within and around the lesion site, while the graft site contains resident microglia at the graft border. Following treatment with MSC/IL-13, the histological appearance and cell distribution differs substantially within the spinal cord. There is a decrease in lesion size as well as classically activated macrophages and resident microglia at both the lesion and graft site. There is also a dramatic increase in the number of alternatively activated macrophages and microglia at both the lesion and graft site. Both the lesion and graft sites remain encapsulated by GFAP^+^ astrocytes. Treatment with MSC/IL-13 alters the immune cell distribution and phenotype, leading to improved functional recovery in a mouse model of SCI.](gr7){#fig7}
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